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strate the step of cutting an ingot of single crystal gallium
nitride along predetermined planes to make one or more
signal crystal gallium nitride substrates. The ingot of single
crystal gallium nitride is grown by vapor phase epitaxy in a
direction of a predetermined axis. Each predetermined plane
is inclined to the predetermined axis. Each substrate has a
minor polished primary surface. The primary surface has a
first area and a second area. The first area is between an edge
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1
GALLIUM NITRIDE SEMICONDUCTOR
SUBSTRATE WITH SEMICONDUCTOR FILM
FORMED THEREIN

RELATED APPLICATIONS

This application is a Continuation of U.S. application Ser.
No. 13/861,945, filed on Apr. 12, 2013, which is a Continu-
ation of U.S. application Ser. No. 13/434,437, filed on Mar.
29, 2012, now U.S. Pat. No. 8,441,034, which is a Continu-
ation of U.S. application Ser. No. 12/980,923, filed on Dec.
29, 2010, now U.S. Pat. No. 8,168,516, which is a Continu-
ation of U.S. patent application Ser. No. 12/817.817, filed on
Jun. 17, 2010, now U.S. Pat. No. 7,883,996, which is a Divi-
sional of U.S. Patent application Ser. No. 11/498,155, filed on
Aug. 3, 2006, now U.S. Pat. No. 7,755,103, the entire con-
tents of each of which are incorporated by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of fabricating a
single crystal gallium nitride substrate, a gallium nitride sub-
strate and a nitride semiconductor epitaxial substrate.

2. Related Background Art

Publication 1 (Japanese Patent Application Laid Open No.
2001-196632) discloses a nitride based compound semicon-
ductor light emitting device. This nitride based compound
semiconductor light emitting device has an active layer and an
acceptor-doped layer of nitride-based compound semicon-
ductor on the surface of a GaN substrate, and the surface of
crystal orientation is inclined in the range of 0.05 degrees to
2 degrees with reference to <0001> direction.

Publication 2 (Japanese Patent Application Laid Open No.
2000-223743) discloses a nitride based semiconductor light
emitting device. This nitride based semiconductor light emit-
ting device has a light generating layer of nitride-based semi-
conductor on the surface of a GaN substrate. In the nitride
based semiconductor light emitting device, the surface of
crystal orientation is inclined in the range of 0.03 degrees to
10 degrees.

Publication 3 (Japanese Patent Application Laid Open No.
2000-22212) discloses a GaN wafer. This GaN wafer is
formed by polishing. The off-angle of the surface of the GaN
wafer is within 3 degrees, the variation of the off-angle is
within 4 degrees over the surface. The warpage of the GaN
wafer is within 200 micrometers.

SUMMARY OF THE INVENTION

Each of the nitride semiconductor light emitting device in
Publications 1 and 2 discloses has a GaN base. The nitride
semiconductor light emitting devices are fabricated by divid-
ing the wafer into semiconductor dies. The size of each semi-
conductor die is at most about one millimeter. Nitride semi-
conductor light emitting devices as shown in Publications 1
and 2 are obtained from part of the GaN wafer because the
surfaces of available GaN wafers at present have off-angle
variations not less than desired off-angle range.

What is needed is to fabricate nitride semiconductor
devices having desired device characteristics on a wider part
of the surface of one GaN wafer.

It is an object of the present invention to provide a single
crystal GaN substrate which can provide nitride semiconduc-
tor devices having desired device characteristics on a greater
part of the surface thereof. It is another object to provide a
method of fabricating a single crystal GaN substrate. [t is still
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2

another object to provide a nitride semiconductor epitaxial
substrate using this GaN substrate.

One aspect of the present invention is a method of fabri-
cating a single crystal gallium nitride substrate. The method
comprises the step of: cutting an ingot of single crystal gal-
lium nitride along predetermined planes to make one or more
single crystal gallium nitride substrates.

The ingot of single crystal gallium nitride is grown by
vapor phase epitaxy in a direction of a predetermined axis.
Each predetermined plane is inclined to the predetermined
axis. Bach substrate has a mirror polished primary surface.
The primary surface has a first area and a second area. The
first area is between an edge of the substrate and a line 3
millimeter away from the edge. The first area surrounds the
second area. An axis perpendicular to the primary surface
forms an off-angle with c-axis of the substrate. The off-angle
takes a minimum value at a first position in the first area of the
primary surface.

Another aspect of the present invention is a method of
fabricating a single crystal gallium nitride substrate. The
method comprises the step of slicing an ingot of single crystal
gallium nitride along predetermined planes to prepare one or
more single crystal gallium nitride slices. Each predeter-
mined plane is inclined to a predetermined axis. The ingot of
single crystal gallium nitride is grown by vapor phase epitaxy,
and each single crystal gallium nitride slice has a slice sur-
face.

The method further comprises the step of performing at
least one process of polishing and grinding of the slice surface
to form one or more single crystal gallium nitride substrates.
Each substrate has a primary surface. The primary surface has
a first and second areas. The first area is between an edge of
the substrate and a line 3 millimeters away from the edge. The
first area surrounds the second area. An axis perpendicular to
the primary surface forms an off-angle with c-axis of the
substrate. The off-angle takes a minimum value at a first
position in the first area of the primary surface.

In the method according to the present invention, an axis
perpendicular to the primary surface forms an angle greater
than zero with c-axis of the substrate.

In the method according to the present invention, the off
angle takes a maximum value at a second position on the
primary surface, and the off angle makes substantially mono-
tonic change on a segment from the first position to the second
position.

In the method according to the present invention, the off
angle takes a nonzero constant value on a curve on the pri-
mary surface and the curve terminates at the edge of the
primary surface.

Still another aspect of the present invention is a gallium
nitride substrate of single crystal gallium. The gallium nitride
substrate comprises a primary surface. The primary surface
has a first area and a second area. An off-angle formed by
c-axis of the gallium nitride substrate with a axis perpendicu-
lar to the primary surface is greater than zero over the first and
second areas.

Yet another aspect of the present invention is a gallium
nitride substrate of single crystal gallium. The gallium nitride
substrate comprises a primary surface. The primary surface
has a first area and a second area. The first area is located
between an edge of the primary surface and aline 3 millimeter
apart from the edge. The off-angle formed by c-axis of the
gallium nitride substrate with a axis perpendicular to the
primary surface is greater than zero over the second area.

In the gallium nitride substrate according to the present
invention, the oftf-angle takes a minimum in the first area.
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In the gallium nitride substrate according to the present
invention, the off-angle takes a value greater than zero on a
curve on the primary surface, and the curve terminates on an
edge of the primary surface.

In the gallium nitride substrate according to the present
invention, a maximum distance between one position and
another position on the edge of the primary surface is equal to
or greater than 10 millimeters.

In the gallium nitride substrate according to the present
invention, an area of the primary surface is equal to or greater
than an area of 2-inch diameter circle.

In the gallium nitride substrate according to the present
invention, the off-angle is equal to or greater than 0.15
degrees all over the second area.

In the gallium nitride substrate according to the present
invention, the off-angle is equal to or greater than 0.3 degrees
all over the second area.

In the gallium nitride substrate according to the present
invention, the off-angle is less than 2 degrees all over the
second area.

In the gallium nitride substrate according to the present
invention, the off-angle is equal to or less than 0.7 degrees all
over the second area.

An epitaxial substrate according to the present invention
comprises: a gallium nitride substrate according to any one of
the gallium nitride substrate; and one or more IlI-group
nitride semiconductor film provided on the gallium nitride
substrate.

An epitaxial substrate according to the present invention
comprises: a gallium nitride substrate according to any one of
the gallium nitride substrate; a first conductive type
Al Iny;,Ga, 4, N (0=X1=1, 0=Y1=1, 0=X1+Y1<1) pro-
vided on the gallium nitride substrate; an active region includ-
ing an Al,,In;»Ga, 4, ;» (0sX2<1, 0=Y2<1, 0=X2+Y<l)
provided on the gallium nitride substrate; and a second con-
ductive type Al5In;5Gay 45 55N (0=X3<1, 0=Y3<1, 0=X3+
Y3x<1) provided on the gallium nitride substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The above objects and other objects, features, and advan-
tages of the present invention will be understood easily from
the following detailed description of the preferred embodi-
ments of the present invention with reference to the accom-
panying drawings:

FIG. 11is a view explaining a method of fabricating a single
crystal gallium nitride substrate;

FIG. 2 is a view showing an ingot of single crystal gallium
nitride semiconductor;

FIG. 3 is a view showing a single crystal gallium nitride
substrate;

FIG. 4 is a graph showing the relationship between the
surface roughness of a GaN film on a GaN wafer and off-
angle of the GaN wafer;

FIG. 5 is a view showing the distribution of off-angle over
the surface of the GaN single crystal substrate shown in part
(B) of FIG. 3;

FIG. 6 is a view showing the distribution of off-angle over
the surface of the GaN single crystal substrate shown in part
(D) of FIG. 3;

FIG. 7 is a view showing the distribution of off-angle over
the primary surface of another GaN single crystal substrate;

FIG. 8 is a graph showing relationship between off-angle
and the distance from the reference point;
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FIG. 9 is a view showing process steps for the method of
fabricating a gallium nitride-based semiconductor device and
the method of forming a gallium nitride-based epitaxial sub-
strate;

FIG. 10 is a view showing process steps for the method of
fabricating a gallium nitride-based semiconductor device and
the method of forming a gallium nitride-based epitaxial sub-
strate;

FIG. 11 is a view showing the distribution of photo-lumi-
nescence wavelength of the epitaxial wafer formed by the
method in FIG. 2 and showing the histogram of this distribu-
tion; and

FIG. 12 is a view showing the distribution of photo-lumi-
nescence intensity of the epitaxial wafer formed by the
method in FIG. 2 and showing the histogram of this distribu-
tion.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The teachings of the present invention will readily be
understood in view of the following detailed description with
reference to the accompanying drawings illustrated by way of
example. Referring to the accompanying drawings, embodi-
ments of a nitride semiconductor wafer, the nitride semicon-
ductor wafer and a nitride semiconductor epitaxial substrate
of the present invention will be explained. When possible,
parts identical to each other will be referred to with symbols
identical to each other.

Part (A) in FIG. 1 shows a single crystal gallium nitride,
part (B) shows a III-V compound semiconductor wafer, and
part (C) shows a cross section, taken along I-I line in part (A),
of the single crystal gallium nitride according to the present
embodiment.

An ingot of gallium nitride semiconductor single crystal
formed by a vapor phase deposition method is prepared.
Referring to part (A) in FIG. 1, a gallium nitride semiconduc-
tor single crystal ingot 1 is shown. This ingot 1 is fabricated as
follows. For example, a mask is formed on the III-V com-
pound semiconductor substrate 3, such as GaAs (111) single
crystal wafer, as shown in part (B) in FIG. 1. This mask has
windows arranged in [11-2] direction and [-111] direction. A
GaN buffer layer is grown in these windows at a lower tem-
perature. Next, another GaN layer is deposited on the mask
and GaN buffer layer at a higher temperature using a vapor
phase deposition method, such as hydride vapor phase epi-
taxial growth (HVPE) method. After this growth, the GaAs
wafer is eliminated therefrom to form a GaN single crystal
substrate 5. GaAs can be removed by use of etchant, such as
aquaregalis. A thick GaN epitaxial layer having a thickness of
at least 10 millimeters is grown on the GaN single crystal
semiconductor substrate 5 to form the ingot 1.

In order to form the single crystal ingot 1, crystal is grown
by a vapor phase epitaxy in the direction Ax of a predeter-
mined axis. As shown in part (B) of FIG. 1, the III-V com-
pound semiconductor substrate 3 does not have a substantial
warpage. The single crystal ingot 1 has a convex or concave
warpage depending on its fabrication process condition and/
or its thickness. In part (C) of FIG. 1, a GaN surface 1a is
concave, and C-faces ((0001) face) 3a, 35, 3¢ in the single
crystal GaN ingot 1 is schematically shown.

Parts (A) and (B) of FIG. 2 show cross sections taken along
I-Iline in Part (A) of FIG. 1. In part of FIG. 2, C-axes, C1, C2
and C3 are shown. The predetermined axis Ax extends on a
C-axis. For example, distances D1, D2 and D3 between the
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axis C1 and axis C2 are changed to be narrow as a coordinate
in the Z-axis direction is increased. These c-faces are concave
or convex.

The GaN substrate is formed in the following method, for
example. The single crystal ingot 1 is cut along predeter-
mined planes S1, S2 and S3 to form one or more single crystal
GaN substrates. These predetermined planes are inclined
with reference to the axis Ax extending in the longitudinal
direction of the ingot 1.

These predetermined planes S1, S2 and S3 are not perpen-
dicularto any C-axes ofthe ingot 1. The predetermined planes
S1, S2 and S3 are perpendicular to an axis Ox that does not
intersect with the ingot 1. For example, the plane S1 (planes
S1 and S2 in the same manner) intersects with a C-axis of the
ingot 1 to form an angle that monotonically increases as X
coordinate of the intersection is increased.

Inpart (B) of FIG. 2, C axes C1 C2 and C3 are shown as in
part (A) of FIG. 2. The axes Ax and Ox extend on a certain C
axis and the Ox axis extends in the longitudinal direction of
the ingot 1.

In an example of part (B) in FIG. 2, one or more GaN single
crystal substrates are formed by cutting the single crystal
ingot 1 along predetermined planes T1, T2 and T3.

These predetermined planes T1, T2 and T3 are perpendicu-
lar to the axis Ox in the ingot 1. For example, the plane T1
(planes T1 and T2 in the same manner) intersects with a
C-axis passing through a position of the ingot 1 to form an
angle that monotonically increases as the relevant intersec-
tion is spaced apart from the axis Ox in the X-axis direction.

Part (A) in FIG. 3 shows the single crystal GaN substrate
obtained by the method in part (A) of FIG. 2. The surface 7a
of the single crystal GaN substrate 7 is mirror finished. The
surface 7a of the single crystal GaN substrate 7 has a first area
7b between the edge of the substrate 7 and a line distanced
from this edge by 3 millimeters, and a second area 7¢ inside
the first area 7h. The dash line in part (A) of FIG. 3 indicates
the boundary between the first areas 75 and second areas 7c.

Part (B) in FIG. 3 is a cross sectional view, taken along II-11
line, showing one substrate of the substrates fabricated by
slicing the ingot 1 along the planes S1, S2 and S3. Part (C) in
FIG. 3 is a cross sectional view showing one substrate of the
substrates fabricated by slicing the ingot 1 along the planes
T1, T2 and T3. A number of C axes are depicted in solid line
in parts (B) and (C) of

FIG. 3. In a single crystal GaN substrate 9, the off-angle at
the middle of the surface of the GaN substrate 9 is zero and the
off-angle (Angl, Ang2: Angl<Ang2) at a position on this
surface is increased as the relevant position moves apart from
the center. On the contrary, the surface 7a of the GaN sub-
strate 7 does not have an area on which the off-angle is zero.
In the method according to this embodiment, the ingot 1 is
sliced along the predetermined planes to form the single
crystal GaN substrate 7, and the oft-angle on the surface 7a
becomes minimum at a first position in the first area 75 (at a
position 7e on the edge in the present example). The surface
of a film grown on an area of the substrate on which the
off-angle is close to zero has the surface morphology of
six-sided pyramid, which may prevent the further improve-
ment of semiconductor devices formed thereon. The off-
angle is greater than zero all over the surface, and takes the
minimum value at the position 7e in the first area 76 and this
minimum is not zero.

Ataposition in the first and second areas 75 and 7¢, the axis
perpendicular to the primary surface 7a form a nonzero angle
(Ang3, Ang4: Ang3<Angd4) with the C-axes. The present
fabrication method provides a single crystal GaN substrate
the surface of which does not have an oft-angle of zero.
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According to this single crystal GaN substrate, since the
off-angle is greater than zero all over the primary surface, a
semiconductor film having an excellent surface morphology
can be formed on single crystal GaN substrate.

Part (D) of FIG. 4 shows a single crystal GaN substrate
fabricated by a modified method thereof. According to this
method, the ingot of single crystal GaN is grown in the pre-
determined Ax by a vapor phase epitaxy, and is sliced along
the predetermined planes S1, S2 and S3 to form one or more
single crystal GaN slices. For example, a single crystal GaN
substrate 11 is formed by providing the surface of one of the
single crystal GaN slices with the processing of grinding
and/or polishing.

Provided are the single crystal GaN substrate 11 the off-
angle of which takes the minimum at the first position in the
first area 7b according to the present fabrication method,
since the single crystal slices are formed by slicing the ingot
along the predetermined planes.

The off-angle takes the minimum at the position 11e in the
first area 115 of the primary surface 11a. The minimum is
equal to zero in the present example. In the fabrication of
semiconductor devices, the outer region 115 of the substrate
11 (outside a line spaced 3 millimeters apart from the sub-
strate edge) is not used for fabricating the semiconductor
devices, and thus this outer region may contain a position or
an area in which the oft-angle is zero.

According to this GaN substrate 11, the oft-angle is greater
than zero all over the second area 11¢ of the primary surface,
asemiconductor film having an excellent surface morphology
in the second area 11c¢ can be deposited.

Inthe substrate 7 (11) in part (B) of FIG. 3 (part (D) of FIG.
3), the off-angle takes the minimum at the first position 7e
(11e) on the primary surface 7a (11a) and takes the maximum
atthe second position 7/ (11f). The off-angle is monotonically
changed on the segment that connects the first position of the
minimum off-angle to the second position of the maximum
off-angle. According to the substrate 7, 11, since the off-angle
monotonically is changed on this segment, the single crystal
GaN substrate 7, 11 does not have a region in which the
off-angle on the second area 7¢ (11¢) is zero.

In the GaN substrate 7, 11, the maximum distance from the
first position to the second position on the edge of the GaN
substrate 7, 11 can be greater than 10 millimeters. Further,
according to the GaN substrate 7, 11, the area of the primary
surface thereof is equal to or greater than that of the circle of
2-inch diameter.

FIG. 4 is a graph showing the relationship between the
surface roughness of a GaN film on a GaN wafer and the
off-angle. The horizontal axis indicates the off-angle of the
GaN substrate and the longitudinal axis indicates the surface
roughness (average root mean square surface roughness:
Rms) of the GaN film. The thickness of the GaN film depos-
ited on the GaN substrate is 2 micrometers.

In order to use a GaN supporting body having the off-angle
of'a desired value in the above experiment, a GaN substrate of
2-inch diameter fabricated in the above method is divided into
a number of dedicated GaN supporting bodies for experi-
ments each having 10-millimeter square. Since the off-angle
variation of the GaN substrate that the inventors can be
obtained is about 0.3 degrees, the off-angle variation of the
GaN supporting bodies is estimated to be within about 0.06
degrees. The thickness variation of the GaN supporting bod-
ies is within 1 micrometer.

A GaN film is deposited on each GaN supporting body. The
Hall measurement of the deposited film shows as follows: the
mobility is 200 cm®V~!sec™'; the carrier concentration
5x10'® cm™>, the full-width half maximum by OMEGA scan-
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ning of (0002) face using X ray diffraction method is 100
arcsec. Accordingly, this GaN film has an excellent crystal
quality. In this measurement, a crystal analysis X ray diffrac-
tion apparatus for material of thin films, for example X' Pert
MRD system, is used.

The surfaces of the epitaxial films are analyzed using an
Atomic Force Microscope apparatus. As shown in FIG. 4, the
surface roughness becomes large as the off-angle is increased
in the range of the off angle equal to or more than 0.5 degrees.
GaN-based films, such as GaN film, grown on the GaN sup-
porting bodies are observed by use of a differential interfer-
ence microscope and the observations are summarized as
below.

As shown in FIG. 4, projections and depressions shaped in
six-sided pyramids are observed in the range OA1 of the
off-angle equal to or less than 0.15 degrees. Step-like patterns
are observed in the range OA2 of 0.15 to 0.3 degrees. Planar
surfaces are provided in the range OA3 of 0.3 to 0.7 degrees.
Scratch-like patterns are observed in the range OA4 of 0.7 to
2 degrees. Deep scratch patterns are observed in the range
equal to or more than 2 degrees.

In the single crystal GaN substrate according to the
embodiment, the off-angle distribution on the primary sur-
face is adjusted. By depositing a Aly,Iny,;Ga; 4 1N
(0=X1x<1, 0=Y1xl1, 0=X1+Y1<1) film, such as GaN film, on
the adjusted GaN substrate its surface morphology and sur-
face roughness (Rms) is becomes excellent as shown below.

For example, the surface morphology shows six-sided
pyramid-like, step-like, atomic step-like, or scratch-like pat-
terns and its surface roughness (Rms) is reduced to be equal to
orless than 2 nanometers. Light emitting diodes fabricated on
this substrate near uniformly emit light. The primary surface
of surface roughness less than 2 nanometers can be favorable
for a base region for a quantum well structure active region
including a well layer of 1 to 5 nanometer thickness.

For example, in the off-angle range 0of 0.15 to 2 (exclusive)
degrees (0.15=off-angle<2), the surface morphology shows
step-like, atomic step-like and scratch-like patterns and the
surface roughness (Rms) is reduced to be 2 nanometers at a
maximum. Light emitting diodes fabricated on this substrate
near uniformly emit light.

For example, in the off-angle range of zero (exclusive) to
0.7 degrees (O<off-angle<0.7), the surface morphology
shows six-sided pyramid-like, step-like and atomic step-like
patterns and the surface roughness (Rms) is reduced to be 0.5
nanometers at a maximum. Light emitting diodes fabricated
on this substrate near uniformly emit light.

For example, in the off-angle range of 0.15 (exclusive) to
0.7 degrees (0.15<off-angle<0.7), the surface morphology
shows step-like and atomic step-like patterns and the surface
roughness (Rms) is reduced to be 0.5 nanometers at a maxi-
mum. Light emitting diodes fabricated on this substrate uni-
formly emit light.

For example, in the off-angle range of 0.3 (exclusive)t0 0.7
degrees (0.3<off-angle<0.7), the surface morphology has
shows flatness corresponding to atomic step-like patterns and
the surface roughness (Rms) is reduced to be 0.3 nanometers
at a maximum. Light emitting diodes fabricated on this sub-
strate uniformly emit light all over the emitting surface. For
example, since the off-angle variation in a 2-inch diameter
GaN wafer is within 0.3 degrees, the excellent surface mor-
phology is realized all over the surface of this GaN substrate.

FIG. 5 shows the off-angle distribution on the primary
surface of the GaN single crystal substrate shown in part (B)
of FIG. 3. The minimum and maximum values of the off-
angle are located in a region between the edge and a line 3
millimeters apart from this edge. In this substrate 13, the
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off-angle variation is in the range of 0,3 to 0.7 degrees. In the
distribution shown in FIG. 5, stripe regions having the respec-
tive off-angle ranges 0f 0.3 to 0.4 degrees, 0.4 to 0.5 degrees,
0.5 to 0.6 degrees and 0.6 to 0.7 degrees are sequentially
arranged from the bottom. When a III-group nitride film is
grown on the present substrate of 2-inch diameter, the surface
morphology of the deposited film is improved over all the
surface.

FIG. 6 shows the off-angle distribution on the primary
surface of the GaN single crystal substrate shown in part (D)
of FIG. 3. In the off-angle distribution in FIG. 6, stripe regions
having the respective off-angle ranges of 0.2 to 0.4 degrees,
0.4t0 0.6 degrees, 0.6 t0 0.8 degrees, 0.8 to 1.0 degrees, 1.0to
1.2 degrees, 1.2 to 1.4 degrees, 1.4 to 1.6 degrees, 1.6 to 1.8
degrees and 1.8 to 2.0 degrees are sequentially arranged from
the bottom up to the figure next to a stripe region having the
off-angle range of 0 to 0.2 degrees. In this substrate 15, the
off-angle at a position near the edge is zero. The off-angle is
increased at a position as this position is distanced from the
edge. At a position on the other side of the edge, the off-angle
is equal to or less than 2 degrees and is appropriate to 2
degrees.

FIG. 7 shows the off-angle distribution on the primary
surface of another single crystal GaN substrate. In this sub-
strate 17, the off angle does not take zero at any position all
over the primary surface. In the distribution of FIG. 7, stripe
regions having the respective off-angle ranges of 0.2 to 0.25
degrees, 0.25 to 0.3 degrees, 0.3 to 0.35 degrees, 0.35 to 0.4
degrees, 0.4 to 0.45 degrees, 0.45 to 0.5 degrees, 0.5 to 0.55
degrees, 0.55 to 0.6 degrees, 0.6 to 0.65 degrees, 0.65 to 0.7
degrees and 0.7 to 0.75 degrees are sequentially arranged
from the bottom to top of the figure next to a stripe region
having the off-angle range of 0.15 to 0.2 degrees. The mini-
mum off-angle and the maximum off-angle are located in a
range between the edge of the substrate and a line distanced
from this edge by 3 millimeters. The off-angle minimum is
0.15 degrees and the off-angle maximum is 0.7 degrees.
When a GaN film is epitaxially grown on this substrate having
the above off-angle variation, the surface morphology is step-
like or planar. The curvature radius of C-plane is 5.5 meters.

When off-angle Angle is small, the off angle is expressed in
the following relationship using curvature radius R and dis-
tance L from the reference position at which the off-angle is
zero. F1G. 8 shows the relationship between the distance from
the reference position and the off-angle. In FIG. 8, lines L1 to
L6 for curvature radius are shown, and these lines correspond
to the curvature radius R of C-plane. The lines 1 to [.6 show
the relationships for the curvature radius of 1 meter, 1.5
meters, 2.0 meters, 2.5 meters, 3 meters and 5 meters. In the
2-inch diameter substrate, if the curvature radius R of C-plane
is equal to or more than 1.5 meters, the off-angle variation is
not more than 2 degrees. Further, an ingot having the curva-
ture radius R of C-plane of 7.5 meters provides the off angle
variation shown in FIG. 5.

As explained above, GaN ingots have convex or concave
warpage. When planar GaN substrate 11 is formed by pro-
viding slices from such a GaN ingot with the processing of
grinding and/or polishing, the off-angle is varied over the
primary surface. In the primary surface, lines indicating the
same off-angles are drawn as concentric circles and/or con-
centric circle arcs.

When a III-group nitride single crystal film is epitaxially
grown on the substrate having a region which has the oft-
angle of zero or appropriate zero, the surface morphology of
this film is not good on this region. Semiconductor devices on
the region of better surface morphology have excellent char-
acteristics as compared to those on the region of worse sur-
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face morphology. If the off-angle of regions of the substrate
on which semiconductor devices are formed is equal to or
approximate zero, yield in the semiconductor device fabrica-
tion is lowered.

If the primary surface does not have a region of zero oft-
angle, the surface morphology is improved and thus the yield
of the semiconductor device fabrication is enhanced.

On the contrary, the characteristics of semiconductor
devices formed on the outer region of the substrate are not
excellent, for example, due to inhomogeneous gas flow in
epitaxial growth. Thus, this outer region is not used for the
fabrication of semiconductor devices. Accordingly, it is pref-
erable that the ingot be sliced to form a substrate(s) in which
a position of zero off-angle is located in the outer region.

Referring FIGS. 5, 6 and 7, lines indicate the same oft-
angles on the primary surface of the single crystal GaN sub-
strate. These lines correspond to off-angle values more than
zero, respectively. These lines terminate at the edge of the
primary surface (the edge of the substrate), and are not closed
on the surfaces 7a, 11a of the substrates 7, 11. These lines are
concave Or convex curves.

According to the GaN substrates 7 and 11, it is preferable
that the off-angle be equal to or more than 0.15 degrees over
the second area of the primary surfaces 7¢, 11¢. The surface
morphology of a film deposited on the substrate 7, 11 does not
show six-sided pyramid patterns. Further, it is preferable that
the off-angle be equal to or more than 0.15 degrees over the
first and second area of the primary surfaces 7a, 11a.

According to the GaN substrates 7 and 11, it is preferable
that the oft-angle be equal to or more than 0.3 degrees over the
second area of the primary surface 7c¢, 11¢. The surface mor-
phology of a film deposited on the substrate 7, 11 becomes
substantially flat. Further, it is preferable that the off-angle be
equal to or more than 0.3 degrees over the first and second
area of the primary surface 7a, 11a.

Inthe GaN substrate 7, 11, it is preferable that the oft-angle
be equal to or more than 2 degrees over the second area of the
primary surfaces 7¢, 11¢. The surface morphology of a film
deposited on the substrate 7, 11 does not show scratch-like
roughness.

Inthe GaN substrate 7, 11, it is preferable that the oft-angle
be equal to or more than 0.7 degrees over the second area 7c,
11c¢. The surface morphology of a film deposited on the sub-
strate 7, 11 has six-sided pyramid patterns, step-like patterns,
or atomic step-like patterns, and the surface roughness (Rms)
is educed to be 0.5 nanometers at a maximum. Further, it is
preferable that the off-angle be equal to or more than 0.7
degrees over the first and second area 7b, 115, 7¢, 11¢ of the
primary surfaces 7a, 11a.

As explained above, the present embodiment can provide
the GaN substrate for yielding more nitride semiconductor
devices, and the method of fabricating the GaN substrate.

Parts (A) to (C)in FIG. 9, parts (A) and (B) in FIG. 10 show
the method of forming a nitride semiconductor epitaxial sub-
strate and the method of fabricating GaN-based semiconduc-
tor device according to the embodiment.

A single crystal GaN substrate 21 is prepared. The single
crystal GaN substrate 21 can be fabricated by the method
according to the first embodiment. Prior to the deposition of a
1II-group nitride film, the preprocessing of the single crystal
GaN substrate 21 is performed in the OMVPE apparatus 23.
The single crystal GaN substrate 21 is provided on the sus-
ceptor 25 in the OMVPE apparatus 23. The single crystal
GaN substrate 21 is thermally processed while flowing pro-
cess gas to flatten the surface of the substrate 21. This thermal
process onto the surface 21a of the substrate 21 reduces
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scratches caused by mechanical polishing. In the preferable
example, the process gas contains NH; and

As shown in part (B) in FIG. 9, a GaN-Based film 29 is
foamed on the primary surface 21a of the substrate 21 while
supplying raw material gas. In the present example, a GaN
film is deposited directly on the primary surface 21a of the
substrate 21 using the OMVPE apparatus 23. The tempera-
ture of the substrate is set at a temperature higher than the
temperature in the preprocessing step. The raw material gas
contains trimethyl-gallium (TMG), ammono (NH;), hydro-
gen (H,) and nitrogen (N,). If required, silane (SiH,) gas can
be used as n-type dopant. After this step, a nitride semicon-
ductor epitaxial substrate 32 including a III-group nitride film
formed on the GaN substrate.

As shown in part (C) in FIG. 9, a device region is formed.
One or more another III-group nitride films 31, such as an
active layer, for the device region are formed on the primary
surface 21a. The active layer can have a single quantum well
structure (SQW) or a multiple quantum well structure
(MQW). In the present example, the active layer of the MQW
structure is formed, and the temperature of the substrate is
lowered as compared to the substrate temperature for the GaN
film growth. For example, an InGaN film is grown for a well
layer of the MQW structure, and another InGaN film of the
bandgap greater than that of the well layer is grown for a
barrier layer of the MQW structure. For example, the MQW
structure of five well layers is formed for a light emitting
diode. In this step, an epitaxial substrate including a number
of I1I-group nitride films has formed on the GaN substrate is
obtained.

Next, as shown in part (C) in FIG. 9, a still another 1II-
group nitride film 33 is formed on the primary surface 21a of
the GaN substrate 21. In the present example, an AlGaN film
is grown on the active layer using the OMVPE apparatus 23.
The substrate temperature is higher than the growth tempera-
ture for the active layer. A raw material gas for this growth can
contain trimethyl-gallium (TMG), trimethyl-aluminum
(TMALI), ammono (NH,), hydrogen (H,) and nitrogen (N,).
As required, cyclo-penta-dienyl-magnesium (CP,MG) is
used as p-type dopant. For example, a Mg-doped AlGaN film
are grown to obtain p-type AlGaN film. After this step, a
nitride semiconductor epitaxial substrate including a number
of I1I-group nitride films has formed on the GaN substrate.

As shown in part (C) in FIG. 9, another III-group nitride-
based film 35 is formed on the primary surface 21a of the GaN
substrate 21. In the present example, a Mg-doped GaN film is
grown on the p-type AlGaN film to form the p-type GaN film.
In this step, a nitride semiconductor epitaxial substrate 37
including a number of III-group nitride films formed on the
GaN substrate.

As shown in part (C) in FIG. 9, an n-type ohmic electrode
39 is formed on the backside 215 of the GaN substrate. A
p-type ohmic electrode 41 and a pad electrode 43 are formed
on the epitaxial film formed in the step in part (C) in FIG. 9.

After the formation of the pad electrode 43, the substrate is
cut along the broken lines CUT1 and CUT2 to form semicon-
ductor light emitting devices 51, such as light emitting diode.
By use of the above steps, a [1I-group nitride semiconductor
device is manufactured.

As explained above, the present embodiment provides the
method of fabricating a nitride-based semiconductor device.
Further, the present embodiment also provides the method of
fabricating a nitride semiconductor epitaxial substrate. This
nitride semiconductor epitaxial substrate includes a single
crystal GaN substrate having a primary surface of the prede-
termined off-angle variation, one or more III-group nitride
semiconductor layers formed on the single crystal GaN sub-
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strate. The nitride semiconductor substrate provides these
1II-group nitride semiconductor layers with excellent surface
morphology.

The following epitaxial substrate can be fabricated using
the method of making a nitride semiconductor epitaxial sub-
strate according to the present embodiment. This nitride
semiconductor epitaxial substrate comprises a single crystal
GaN substrate having a primary surface of the predetermined
off-angle variation, a first conductive type Aly, Iny, Ga; 31 5
N (0=X1x<1,0=Y1=1, 0=X1+Y1<1) film formed on the GaN
substrate, an active layer including an Al,,In;»,Ga; 4 ;-N
(0=X2=<1, 0=Y2=<1, 0=X2+Y2<]) film formed on the GaN
substrate, and a second conductive type Al,;In;5Ga; 35 55N
(0=X3x<1, 0=Y3=1, 0=X3+Y3x<]) film formed on the GaN
substrate. The active layer is provided between the first con-
ductive type Al Iny, Ga,_y,_;, N film and the second conduc-
tive type Al,5In;5Ga; 45 55N film. According to the epitaxial
substrate, the first conductive type Aly,Iny,Ga; 3 N
(0=X1=<1, 0=Yl=l, 0=X1+Y1l=<l) film, the Al,In,;,
Ga,_y» 1N (0=X2<1, 0=Y2<1, 0=X2+Y2<]) film and the
second conductive type Aly;InzGa, 5 ;zN (0sX3=l,
0=Y3x1, 0=X3+Y3x<1) film have excellent surface morphol-
ogy.

In one example, the epitaxial substrate includes:
the thickness of n-type GaN substrate: 400 micrometers;
the thickness of n-type GaN film: 1 micrometer;
undoped In, ; sGa, 35N well layer: 2 nanometers;
undoped In, ,;,Ga, ;N well layer: 15 nanometers;
p-type AlGaN layer: 20 nanometers;
p-type GaN layer: 50 nanometers.

Part (A) in FIG. 11 shows the distribution of photolumi-
nescence wavelength of the epitaxial substrate that uses the
substrate formed by the method in part (A) in FIG. 2. Part (B)
in FIG. 11 shows the histogram of the wavelength distribution
of part (A) in FIG. 11. The variation of the off-angle on the
primary surface is in the range 0o 0.15 t0 0.7 degrees. Part (A)
in FIG. 12 shows the distribution of photoluminescence
intensity of the epitaxial substrate that uses the substrate
formed by the method in part (A) in FIG. 2. Part (B) in FIG.
11 shows the histogram of the intensity distribution of part
(A) in FIG. 11. Parts (A) of FIGS. 11 and 12 show the
measurement for epitaxial substrates fabricated by use of
2-inch GaN substrates.
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Parts (A) and (B) in FIG. 11 reveal average of 441.5
nanometers, standard deviation of 1.65 nanometers and dis-
tribution width of -2 nanometers to +2 nanometers.

According to the measurement in parts (A) and (B) of FIG.
12, value (SIG/AVE) derived by dividing the standard devia-
tion SIG of the intensity by the average AVE of the intensity
is about 15%. This shows the emitting is substantially uni-
form over the surface. On the contrary, in the substrate having
off-angle variation in the range of zero to 0.15 degrees (exclu-
sive) and more than 2 degrees, the photoluminescence inten-
sity is lowered and the photoluminescence wavelength is
shifted to a longer wavelength region, which lower the semi-
conductor device yield.

Having described and illustrated the principle of the inven-
tion in a preferred embodiment thereof, it is appreciated by
those having skill in the art that the invention can be modified
in arrangement and detail without departing from such prin-
ciples. Details of structures of these devices can be modified
as necessary. For example, although semiconductor light-
emitting diodes are described in the embodiment, the present
invention is not limited to the specific examples disclosed in
the embodiments. Further, a GaN film formed on the GaN
substrate is explained in the embodiment, but III-group
nitride semiconductor (AlIn,Ga, ;. ;N, 0=X<l, 0=<Yxl,
0=X+Y=<1) can be formed. We therefore claim all modifica-
tions and variations coming within the spirit and scope of the
following claims.

What is claimed is:

1. A gallium nitride substrate with a primary surface for
epitaxial growth of a III nitride semiconductor, the gallium
nitride substrate, wherein:

the primary surface has an off-angle,

the off-angle is equal to or less than 0.7 degrees, and

a c-face of the gallium nitride substrate is concave or con-

vex, a curvature radius of R of C-plane of the gallium
nitride substrate is equal to or more than 1.5 meter.

2. The gallium nitride substrate according to claim 1,
wherein maximum distance between one position and
another position on an edge of the primary surface is equal to
or greater than 10 millimeters.

3. The gallium nitride substrate according to claim 1,
wherein the primary surface is equal to or greater than an area
of 2-inch diameter circle.
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